Abstract-High-temperature superconductors (HTSs) are promising materials in a variety of practical applications due to their ability to act as powerful permanent magnets. Thus, in this paper, we have studied the influence of some pulsed and pulsating magnetic fields applied to a magnetized HTS bulk sample. The bulk sample, the iron core, the two inductors, and the current sources used to magnetize and demagnetize the superconducting bulk in the iron core are presented. Then, we detail various magnetizing and demagnetizing processes and their purposes. For the magnetization studies, we have shown that there is no significant difference between the successive process and the direct process of magnetization. The maximum trapped magnetic field (TMF) is about 1 T, 10 min after the magnetization process. For the demagnetization studies, we propose many results as a hysteresis loop corresponding to the pulsed demagnetizing field influence. Various time evolutions of the TMF are also shown, i.e., when the demagnetizing ac field is applied a few minutes after or several days after the magnetization. This leads to completely different results, from 5%/min to 1%/(6 h) of reduction of the TMF. The results presented here give many practical information to users of superconducting bulk magnets. We assume that decreasing the temperature will increase the capabilities of trapping the magnetic field. We conclude that a strong interest must be kept on the applications of HTS bulks in electrical engineering, preferably at lower temperature than 77 K.
Despite the difficulties related to (RE)BaCuO bulks, in terms of manufacturing large single-domain bulk and/or in large quantity, with good and homogeneous properties, they are still the most promising materials for the applications of superconductors.
There are several ways to magnetize HTS bulks; but we assume that the most convenient one is to realize a method in situ, i.e., a Pulsed Field Magnetization (PFM). We have studied in previous works, the PFM process [11] and the influence of an iron core on the Trapped Magnetic Field (TMF) in [12] .
Since superconducting magnets are already used in some prototypes of HTS synchronous machine as in [13] , we believe that it is necessary to increase our knowledge on the magnetization and demagnetization behavior of the HTS bulks acting as permanent magnets. To the best of our knowledge, no such experimental analysis were proposed in the scientific literature.
In this paper, we will apply some pulsed and pulsating magnetic fields to a magnetized HTS bulk sample. These fields will be also called demagnetizing fields since they tend to decrease the TMF of the sample. Section II is devoted to the presentation of the equipment used in the experiments. Then, we present various magnetizing and demagnetizing processes and their purposes. Finally, several results of the magnetization and demagnetization studies are shown, with an emphasis on providing a maximum of practical information.
II. EXPERIMENTAL EQUIPMENT
In this section, the superconducting bulk, the iron core, the two inductors and the current sources used to magnetize and demagnetize the superconducting bulk in the iron core are presented. In this paper, the experiments were performed only at the temperature of liquid nitrogen 77 K.
A. Superconducting Bulk Sample and Sensors
The superconducting bulk used in all the measurements is a (RE)BaCuO type pellet from ATZ. Its dimensions are 31 mm for the diameter, and 16 mm of height. The critical temperature of this material is around 92 K. The sample was able to trap 0.95 T by using a Field Cooling (FC) process at 77 K with a sweep rate of 0.15 T / min.
The measurements of the Trapped Magnetic Field (TMF) on the bulk were taken using two high linearity Hall sensors HHP-NP from AREPOC. The first one at the center of the top surface (seed location), and the second at a radius of 1 cm on the same surface. These sensors will be later called "center" and "r = 1 cm," respectively. The distance between the active part of the sensors and the surface of the bulk is about 0.5 mm.
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See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. Unless otherwise stated, the values of the trapped magnetic field are recorded about 10 min after the end of the current pulse.
B. Laminated Iron Core
Fig . 1 shows the structure of the "E-I" laminated iron core which contains 200 insulated sheets of grain-oriented electrical steel (FeSi 3 wt%) of 0.35 mm thickness. The HTS bulk sample is place above the central leg of the iron core that we had previously cut. In the experimental configuration, an air gap of 6 mm is confined between the HTS bulk and the "I-shaped" part of the iron core. The entire core measures 130 mm high, 150 mm width and 73 mm deep.
C. Coils Generating the Applied Field
A set of two copper coils were used to magnetize and demagnetize the HTS bulk. A round coil around the bulk as in [12] and a rectangular coil around the central leg of the iron core.
The round coil, of 17 turns, is resin impregnated and there is a textile tape around the coil to perfectly match with the bulk size. Thus, the heat coming from the coil is not directly transmitted to the HTS bulk. The second coil, of 42 turns, was added in order to increase the total number of Ampere-turns of the system, and to allow us to apply an ac magnetic field about 120 mT to the sample, without worrying about the limitations of our power supply. These 2 coils are connected in series so that the total number of turns is 59.
The picture in Fig. 2 presents the entire system used in the experiments. As we can notice, the HTS bulk, the Hall probes and the 2 coils are placed, while the "I-shaped" part of the magnetic circuit has to be placed later on the top.
To give an order of magnitude to the applied magnetic field B app to which the HTS bulk is submitted, we have measured the values of the magnetic field, within the iron core at 77 K, at a location equivalent to the center of the top surface of the HTS bulk, but without it, Fig. 3 .
D. Current Sources to Supply the Coils
For the Pulsed Field Magnetization, we used the same system describe in [12] . It is a bank of 24 capacitors with a total capac- Fig. 2 . Picture of the magnetic core. The HTS bulk, the Hall probes, and the two coils are placed. The "I-shaped" part of the magnetic circuit has to be placed on the top. ity of 80 mF. The capacitor voltage is up to 300 V while the set of capacitors can withstand 50 kA. The discharge current is initiated by triggering of a thyristor that has a maximum current of 15 kA.
The ac magnetic field applied on the HTS bulk is produced using a bipolar power supply of 1 000 W made by KEPCO, a BOP 20-50 MG. This latter can provide maximum values of current and voltage of ±50 A and ±20 V, with sinusoidal wave frequency up to 443 Hz.
III. MAGNETIZATION AND DEMAGNETIZATION PROCESSES

A. Magnetization Process
With the system describe above, we have tested and compared two processes of magnetization:
1) Successive Process (SP):
The HTS bulk is always kept in the liquid nitrogen. We first apply an initial magnetic pulse to the sample, as a consequence, a magnetic field B trap is trapped. Since the HTS is still at 77 K, The trapped magnetic field in the sample is maintained. Then, we increase the amplitude of the magnetic field, by increasing the initial voltage of the capacitors V DC , until we reach the maximum of trapped magnetic field. This pulse is later referred to as the optimal pulse.
2) Direct Process (DP): In this process, we first apply an initial magnetic pulse to the sample, as a consequence, a magnetic field B trap is trapped. Then, we heat the HTS bulk, and as a results, its trapped magnetic field vanishes. The sample is again cooled down to 77 K, and the amplitude of the applied magnetic field is increased. The pulse that produces the maximum of trapped magnetic field is the optimal pulse.
B. Demagnetization Process
In order to realize a synchronous motor with superconducting magnets, for instance, it is essential to study the influence of a demagnetizing field on the trapped magnetic field in the HTS bulks. It is not obvious to assess the kinds of waves, and their amplitudes to which the HTS bulk will be exposed in a real motor. Anyway, the calculation of eddy current losses in Permanent Magnets (PM) is not a solved problem, and most of the time a Finite Element Method (FEM) software is required. This demagnetization field that may come from the stator windings, is a pulsed magnetic field or a pulsating magnetic field.
When a short circuit occurs in a motor, or when a charge change suddenly, the current in the armature can produce a pulsed magnetic field that tends to demagnetize the superconducting magnets or PM. The effects of this kind of demagnetizing field will be also shown in Section V-A.
Concerning the pulsating magnetic field: the spatial angle between the axis of the superconducting bulk, or permanent magnet, and the magnetic field produced by the armature, is not fixed and depends on the load conditions of the motor. In our case, since we use a fixed magnetic core it is not possible to realize such angular variation. The amplitude of the pulsating magnetic field is not well known, but a maximum range of 100 to 200 mT seems reasonable in a classical windings configuration. Since the magnet turns at the same speed as that as of the armature field, and due to the three-phase system, the harmonics 5 and 7, 11 and 13, 17, and 19, etc. are the only operating harmonics.
In the experiments of demagnetization, shown in Section V-B, the HTS magnet in the iron core will be exposed to a sinusoidal magnetic field with 120 mT as a maximal amplitude and with several frequencies. This value of 120 mT was measured, for a given value of current, with the Hall probe located at the center of the HTS bulk surface and at room temperature. That is to say that this value can be considered as the demagnetizing field directly applied on the sample surface. Fig. 4 shows the comparison of the two magnetization processes (SP and DP) in terms of trapped magnetic field measured at the center and at r = 1 cm on the top surface of the HTS bulk. At low V DC , the HTS bulk is not fully magnetized and it is normal that the TMF is higher near the edge than the center. The optimal values of TMF at the center are obtained for V DC = 160 V for the Direct Process instead of 220 V for the Successive Process. These values of V DC can be used to define the optimal Fig. 4 . Comparison of the two magnetization processes (SP and DP) in terms of TMF measured at the center and at r = 1 cm on the top surface of the HTS bulk. The x-axis corresponds to the initial voltage V DC of the capacitors because it was our control variable. The filled symbols correspond to an enhanced value of TMF obtained by applying three times the optimal pulse. pulses. For the two processes we can almost find the same maximum value of TMF about 0.9 T. By repeating the optimal pulse 3 times, we can enhance by 10 % the TMF of each process (filled symbols in Fig. 4) . The number of repetitions of the pulses of 3 is not arbitrary, but leads to the best results in practice.
IV. RESULTS OF THE MAGNETIZATION STUDIES
V. RESULTS OF THE DEMAGNETIZATION STUDIES
A. Pulsed Demagnetizing Field
The successive process is used in order to achieve the full hysteresis loop corresponding to our sample. We should mention that this loop, shown in Fig. 5 , has a completely different meaning than those for PM. In fact, each point of the loop corresponds to a pulsed magnetization experiment. The maximum current is then recorded and the total number of Ampere-turns is used for the x-axis. Fig. 5 provides very important information for studying the pulsed demagnetizing field that may occurred in superconducting motors. Fig. 5 can also be used for shaping the flux profile at the sample surface. In fact, when the 2 loops cross each other, it means that the TMF is the same at the center and at r = 1 cm, and this leads to a flat profile of magnetic field on the top surface of the sample.
B. Alternative Demagnetizing Field
There are several ways to apply the demagnetizing field on the sample. We have experimented two of them by applying the ac demagnetizing field:
1) A few minutes after the magnetization process, when the flux creep is significant, i.e., the electrical field is high in the superconductor, will be referred to as "High Creep State" (HCS). 2) Several days after the magnetization process when the flux creep is less significant, i.e., the electrical field is negligible in the superconductor, will be later called "Low Creep State" (LCS).
On this basis, the ac demagnetizing experiments have occurred during almost 3 months. Fig. 6 shows the influence of an ac demagnetizing field of 120 mT at 50 Hz applied 10 to 20 min after the magnetization of the HTS bulk. Dotted lines correspond to the TMF evolution without any ac demagnetizing field. In Fig. 6(a) , for a low TMF in the center, and since the magnetic field penetrates from the edge to the center, the influence of the ac demagnetizing field is more significant on the magnetic field located at r = 1 cm than at the center, 15 % and 7 % of decrease, respectively. In Fig. 6(b) , for a flat profile of TMF on the bulk surface, and since the magnetic field penetrates from the edge to the center, the relative decrease of TMF are of 12 % at r = 1 cm and 5 % at the center. Finally, in Fig. 6(c) , for the highest TMF obtained, the relative decrease are of 17 % at r = 1 cm and 11 % at the center. As a conclusion, the relative decrease of TMF is always higher at r = 1 cm than at the center. We can also observe that the absolute value of the decrease of the TMF is always lower than the ac field amplitude. In the worst case, this value is half the value of the ac field amplitude, that is, 60 mT for 120 mT of applied field. Fig. 7 shows the time evolution of the reduced TMF when ac magnetic fields with several frequencies are applied on the HTS in the High Creep State. The reduced TMF is the ratio B trap /B trap0 with B trap0 stands for the TMF before applying the demagnetizing field. At the beginning of the demagnetization process, we can see on Fig. 7(a) , for an ac amplitude of 32 mT, and for the worst case scenario, that is at 250 Hz, the relative decrease of TMF is about 1 % for 60 s. For an amplitude of 120 mT, in Fig. 7 (b) this relative decrease is about 7 % for 60 s at 50 Hz.
1) High Creep State:
The relative decreases of the TMF in the HCS are around a few percentage per minute. Although it represents a high rate of variation, this relative decrease is assumed to follow a logarithmic time evolution as: with m the slope of the reduced TMF plotted in a linear scale, n the exponent of the typical power law used for modeling HTS, and τ is a time constant which determines a transient stage before the beginning of the logarithmic relaxation [14] , [15] . In our case, the m value for the flux creep relaxation in (1) has been estimated to?−0.0123, i.e., (RE)BaCuO sample of 31 cm of diameter in an iron core cooled at 77 K. This value has been estimated for the 2 last days of the 2 weeks of flux relaxation, and it corresponds to an n-value of 82. This value is high compared to the literature, and the iron core seems to have something to do with this. On one hand, these parameters of flux relaxation will take 4.74 × 10 13 years before the TMF will be reduced by 50 %. On the other hand, 5 years after the magnetization, the TMF will still be at 72 % of its value just after the magnetization process.
Since the applications of HTS bulk magnets require a long operation time, studying the influence of a demagnetizing field on a long period, such as several days or weeks, is clearly more important, but also time-consuming. This last issue would be the matter of the next section.
2) Low Creep State: Fig. 8 shows the time evolution of the TMF when an ac magnetic field of 120 mT at 50 Hz is applied to the HTS in the Low Creep State, 14 days after the magnetization. This experience lasted for nearly a month. In Zone 2 Fig. 8 . Time evolution of the TMF when an ac magnetic field of 120 mT at 50 Hz is applied on the HTS in the LCS 14 days after its magnetization. Fig. 9 . Time evolution of the TMF when an ac magnetic field of 32 mT at 50 Hz is applied on the HTS in the LCS 5 days after its magnetization. The frequency is then increased to 250 Hz and, after which, decreased to 10 and 0.1 Hz without significant change.
of Fig. 8 , as the ac field is applied, we can observe that the TMF decreases suddenly, and that the decrease occurs with a negative slope in the linear time scale. This behavior is typically observed when some ac losses occur and increase locally and globally the temperature of the sample. In Zone 3, the flux creep continues but according to the thermal time-constants the system should "stabilize." If we apply once again the ac field of 120 mT at 50 Hz, see Zone 4, we notice that no abrupt decrease of the TMF is observed and the slope seems to be the same as in Zone 3. As an important conclusion: the influence of ac demagnetizing fields is not cumulative. If an ac demagnetizing field is applied once, then an ac field with equivalent or lower amplitudes will be without effect. Unfortunately, we do not have more data available at this point.
We have conducted the same kind of experiment by applying an ac magnetic field of 32 mT with 50 Hz during 7 days and 5 days after the magnetization process, Fig. 9 . Similarly to the case experiment with an amplitude of 120 mT, an abrupt decrease of the TMF is first observed when the 32 mT / 50 Hz demagnetizing field is applied. After that, the flux relaxation that occurred during the first 5 days seems to be continued, without any observable change of the slope of the TMF during the 7 days with demagnetizing field of 32 mT / 50 Hz.
An increase of the frequency of the ac field is then made, and surprisingly, no change of the slope of the decay of the TMF is observed during one day. The frequency is then decreased, first to 10 Hz, and then to 0.1 Hz producing the same results, i.e., no change observed.
Concerning the time evolution of the reduced TMF in the Low Creep State, we have also made several experiments. Fig. 10 shows the time evolution of the reduced TMF when ac magnetic fields at 50 Hz, of 32 mT and 120 mT of amplitude are applied on the HTS in the LCS, several days after the magnetization process. For an ac amplitude of 32 mT, the relative decrease of the TMF is completely invisible on this figure. For the amplitude of 120 mT, the relative decrease of the TMF at the center is lower than 0.5 % for 1/4 day (6 hours), and lower than 1 %, at r = 1 cm, for the same duration. These values and the inset showing a zoom on the first 30 seconds prove that the behavior of the HTS bulk against the demagnetizing field is completely different than the one observed in the HCS, in Fig. 7 .
Although the decrease of the relative TMF for an ac field of 32mT at 50 Hz has not been observed in Fig. 10 , we can see the presence of decrease in Fig. 11 . The slope of this decrease is linked to the frequency of the ac demagnetizing field. As expected, higher is frequency, higher is the decrease of the TMF. However, the order of magnitude is about 0.01% per hour.
VI. CONCLUSION
Through this article, we have deeply investigated the magnetization and demagnetization of (RE)BaCuO bulks. The experiments in relation with the potential applications of HTS bulk have been performed for various pulsed and pulsation demagnetizing fields. The results presented here, give many practical information to users and potentials users of superconducting bulk magnets. All the values are consistent and detailed. The liquid nitrogen temperature was a limiting factor, however we assume that decreasing the temperature will increase the capabilities of trapping the magnetic field. This also leads to less flux creep in the sample. In other words, a strong interest will still need to be devoted to the applications of HTS bulks in Electrical Engineering, preferably at lower temperature than 77 K.
